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CP Violation in Mixing

Schrodinger Equation: L/ -
4 (1B@) Y _ (3, ( 1B®) 0
\ i (igy )= (-73) (50 ) et B
A W b

- Mass Eigenstates:

. |By) = p|B) + ¢| B)
By) = p|B) — q|B)

Solve the Schrodinger
Equation to determine
the time evolution of the

Solutions: B meson.
[B(®) = 9+ (t)|B) + Lg_(t)| B) Q@EP -
[B(£)) = Lg_(t)|B) + g+ (t)| B) Find the probability of B

decaying as B (nomix) or
Bbar (mix)

Phriz (1) ~ cosh(ATL'st/2) — cos(Amt)
Pnoniz(t)  ~ cosh(ALst/2) + cos(Amyt)
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CP Vlolatlon in Mixing w

Contours of A(logL) = HFAG, Dec 2007

""""""""""""" a
Flavor-Specific [ CDF2 observation (2006)

T 4G B
—ﬁ

[
T

Direct ]
Measurements |

B, oscillation amplitude

-'[ Theory

Combinedf

} | HFAG
213 14 15 16 Apr 09
1/Ts [ps]
‘::... GOS ¢S ¥y 0 062+8 82? ps 1(*) 0 5 10 15 20 25 30
9+()[B) + Lg_(t)|B) A u mash
'*r%jg_(t)|B) + ¢4 (2)|B) ms ~ 2|Mis| = 17.78 +0.12 ps
Mixing

e P Phriz (1) ~ cosh(ATL'st/2) — cos(Amst)
‘Assuming no CP violation Fron (t) - COSh(AFSt/Z) + COS(AmSt)
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CP Violation in Mlxmg

Schrodmger Equation: 2 5
a (|B@) \_ (+_.L\( IB®) 50 0
i (o )= (-3) ([30) ) B¢ B
L | 5 b
x""x_MaSS Eigenstates: Different dependence on
IBr) = p|B) + ¢|B) pP/q gives a difference in the
By) = p|B) — q|B) decay rates for B and Bbar
. mixed decays.
Solutions: i ;
B(0) — g ()1B) {2)-(1)|B) PB = B) ~la/pl.
B(®) (2}-(A1B) Yo )15) P(B = B) ~Ip/d
/ If |¢/p|? # 1 CP Violation
Jtixed terms Phriz(t) ~ cosh(AT'st/2) — cos(Amt)
ind d Mix S S
3?%}2 < Pnoniz(t)  ~ cosh(ALst/2) + cos(Amyt)
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Asymmetry
netry B— B —utX

rates: B—>B—u X

) — cos(Amyt)
y 2l (1 d cosh(AI’St/2))

No longer time-independent!

Steve Beale
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iolation

Includes A,
rnmary EP constrai HFAG
o CDF 1351+ D@ 28 be1»éw-ls-t[:rgir1®
;¢ Tm (b) ' 68% CL —
& 0.4} 95% CL —
Z ool 99.7% CL —
0.0 |- N N\
02|
. | p-value = 0.024
A A i 5 -0.4} 226 from SM
be small ~2x10->, HFAG April
J e 083 g— 0 1 2 3
vored ¢_ gives a ¢7/V9 = _9B7/V% [rad]
arger asymmetry ~0.01
2asuring A_° provides a constraint on ¢,
Steve Beale 6
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Detectors
: i I"l 0 n=1.
=L H Muon Scintillators | e
b= ————————
HEr ‘Mﬂﬂrl Chambers
| ‘ : * 0 ;
ke :'s;s-“.if_=f-.-',-.'i-';-. ; i o e -
i 3 Ay : S /“ i
B “ L) Tr;mfi I ‘
S | .
- _ I \+l l__L\j_
i 22 e e e ] ] S AN P N AN | (N O [T O O
& 0 E<l 14

Full coverage of Toroid for
Tracking: Muon system up to n=2

@ DO - Fiber Tracker & Silicon
@ CDF - Wire Chamber & Silicon

rward Muon
Spectrometer

=~
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Analysis Strategies - Overvieww

Three Strategies:

r+» Dimuon asymmetry (tagged)

+ Integrated charge asymmetry in inclusive dimuon events
+ DO 1.0fb? (2006) & CDF 1.6fbt (2007)

0old
£33

| * Untagged, time integrated asymmetry
_ 2 Integrated charge asymmetry in exclusive B_ decays

. 2 DO 1.3fb! (2007)

» Tagged, time dependent asymmetry

= : , :
e » Time dependent charge asymmetry in exclusive B_ decays
» DO 5.0fb! (2009)
Tagged vs. untagged - Makes use of mixing information
Time dependent vs. integrated — Counting experiment or fit to
A_s(t)
May 29 2009 Steve Beale 8

FPCP 2009 - Lake Placid NY



Analysis Strategy #1: w
Dimuon

b b ‘“/V

B b M2
PVET N
" >
Z A
/
, - Fairly straight forward
Produce b-antib pairs, if = No event reconstruction
both decay (inclusive)
semileptonically, ++/-- § * No complex fitting — Counting
Indicated a mixed decay. o exp.
» High confidence mixing
Measure Charge asymmetry information
in these events 2
Ny — V- S ° Low statistics, Br(b—u)~10%
ey » No independent A s, A_¢
May 29 2009 Steve Beale 9
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J.Analy5|s Strategy #1: §< *

Dimuon

Determine 'f* - contribution from ‘fake’ Acceptance of central muon system
s acceptance ut acceptance

mixing processes & detector related
. asymmetries.

- direct-direct b —
—{dlrect BOGIEEONNND— ;b — c— u
direct-prompt b — p =, c— p’
prompt-prompt ¢ — put, ¢ — pu”

—K* decay KN —Yn
Detector Asym <
®B
] ) DeS

2 @ [Asl T > Low eff at corners

5 Detector asymmetries:
@ Detector Asymmetry
@ Forward-Backward

f Mimics mixing
Background asymmetry

Asymmetry
@ Range Out Asymmetry
@ Others expected to be zero

May 29 2009 Steve Beale 10
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Analysis Strategy #1: §- 7&

Dimuon
Acceptance of central muon system
u- acceptance ut acceptance
X %\ """""" z
. Average BB, From B factories,
- mixing
probability C
F;éctlon of B.%/ =
B events p(,\\

o5 gy
B 4f ' : ﬁl] \I:gw eff at corners
Take A% = —0.0047 £ 0.0046

CDF Results 1.6/ JA™* = 0.0080 = 0.0090(stat) % 0.0068(syst)

(Public Note *) A5, =10.026 £ 0.021(stat) & 0.017(syst) (HFAG)

1 oo AR — 10,0028 + 0.0013(stat) = 0.0090(syst)

(PRD 74 092001) A%, = —0.006 + 0.006(stat) + 0.008(syst) (HFAQG)
May 29 2009 Steve Beale 11
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Analysis Strategy #2: §< 7&

untagged, time-integrated

O .
Reconstruct the B o E ‘/ T
: 4 : \PV\;’r _|_ ~>%/V
~ decay, discounting B D N
. the opposite side b ¢ \
hadron (IE untagged). KT
Y, of B.° decays will be

»n @ Still a counting experiment
< s Large sample
» Flavour specific (independent

mixed, unmixed
events dilute

Pro

asymmetry.
y y N
Nt - N~ sl
5 N+ + N— » No mixing information

Asymmetry diluted by
unmixed events

May 29 2009

» Fit D_* mass (sample composition)

Coms”"*Cons

2 * Coms = Complexities
Steve Beale 12
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Analysis Strategy #2: §< ;g

untagged, time-integrated

Determine N+ / N-from %;sssgno,ts o' D oor
" 0 —_

the fit to the D, mass 5 ook

in +/- charged 2

- subsamples. 2

3‘(4 to include detector
as&m_metries. 8 fits
total.

1.7 1.8 1.9 2 2.1 2.2 2.3
M(or*), GeV/c?

(1 + quhysz'cs)(l -+ )

Solve 3 systems of 8 equations to determine the
asymmetry in the D_*, D*, and background.

Account for DO Result

e A% =0.0123 4 0.0097(stat) &= 0.0017(syst)
integrated Ail = 0.0245 + 0.0193(8’6&13) + 0.0035(syst)

May 29 2009 Steve Beale
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Aug
08 CDF

®RunT)

Pt
5

Z
Z
“

* 1
Z

A

CDF pp
(1.6 ") prel.

DO
(1.0 fh_l.;

T

DO D lepton
(1.3

Average

- Heavy Flavour
- Averaging Group

z

E
-
gl
Z
Z

0.115 £0.283 £0.149

0.026 £0.021 £0.017

-0.006 £0.006 £0.008

0.025 £0.019 £0.003

0.002 £0.009

-0.2 0.1 0 01 0.2 03 04

As(B)

09 revised:

-0.0037 = 0.0094 using A%, =

Steve Beale
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—0.0005 = 0.0056
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Analysis Strategy #3: |- 353
tagged, time-dependent ™ -

# 4 P —>
X > 7 ¢/K\
2 decay modes - K+/7T+

B,
"\_\‘
"

» Still large sample
» Flavour specific (independent A_?)

» Using all available information

Likelifood fit allows time
dependent asymmetry.

Pros

¢ )T (¢) * Mixing info not 100% accurate
(t) = s Fit D_* mass (sample composition)
4 B SCENT |
» Fit B.° lifetime (time evolution)
» Various other complexities

Coms

May 29 2009 Steve Beale 15
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Flavour Tagging

Reconstruction Side ﬂ_

Opposite Side

If Initial and final state

Initial State Flavour
Decay of opposite side B flavqur do not agree, decay
hadron indicates initial IS mixed
flavour on Reco side.
As available, use: -
) Le:cpé%n rcréarge About 20% of events are tagged,
y J'S,eeconiiagry Vertex Charge >~ performance varies for each tagger,
s Event Charge quantified by 'dilution’ variable (D)

16

— Steve Beale

May 29 2009
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Log likelihood

Probability of measured parameters is determined
event-by-event (i) for each channel (j).

2
:
\ .
.. i
: PJ
3 .
.'\.
%
N

: Y (lifetime) ® P/ (resolution) x P/ (mass) x P! (others)
Asymmetry
Sum over all channels. events channels

sum In P. for all events. L, 090 = —2- Z In Z FrjP,L.j

Add Loglikelihood for two
decay modes.

Minimize negative
loglikelihood (L) by varying L =Lk« + Lgrn
asymmetry parameters.

May 29 2009 Steve Beale 17
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ass Fit to
Y candi_dates

) to the mass pdf, the fit also
es the fractions for

0 *
BY — uD,(K

C . «—~ 25000
3 20000F D2, 5 b’ + Data 2 - D2, 5 b Data

= [ prsample —Fit ‘?20(}0{1:

S 150001 -Do—=on | | 3

5 - ----D'—Mjm £ 15000¢

0 B o n

10000 = -

100008

wn

=

=

=
T
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Ll Lk J.‘J. ‘ aaale 'l. L - ,-f"#-."'\. _.'-‘-.LI"!- _--—\‘ = = —I:.-.-Ih-"""------- g
T e 19 I R R R X ¥ 078985 10 105 7 205 21 215 22 225

My (GeVic?) My (GEVICT)

,394 £ 865 D, candidates 33,557 £ 1200 D, candidates
~ 830k events total

alaaa a1y

]
-
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. (=T'¢) [cosh (AT'st/2) + cos (Amt)]
¢ exp (—I't) [cosh (ATst/2) + cos (Amyt))

y rate:
() o (1 + AS))exp (—T't) [cosh (AT't/2) — cos (Amt)]
'tk ) o (1 _—__..Aig_)e_:vp (—T't) [cosh (AT'st/2) — cos (Amst)]

hitial state flavour is not 100% accurate:

Iﬁﬁ'- PR “-~_ B 1 —|— D 1 e D
a TR +
F(BS—>[L) > I‘(BS—>,u) >
Weight the mixed/unmixed decay
rate functions according to dilution
Steve Beale 19
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fetime Fit

_ contributions to the
nd and B_° lifetime

BY - nDy(K*K)

S

*  Duapoies [ B, Lifetime (Full Mass Interval): Runlib | :g'?{‘:m
s Fit Rieults (total) | _W(KEE}
s Fit Resilts {sigrial peak E . — A
s Fit Results isigrali g' Slgnal :Emammﬂ
s Fit Ritstilts foobar] w 0 — Fit
e Fit Results (oombinatorial background) E i Data
@
Background
10°
10°
Backgroun 10
PR I
0.2 0.3 0.5 -0.1 0 0.1 0.2 0.3 0.4
VPDL, cm VPDL (cm)
Steve Beale
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Detector Asymmetries w

> Three non-CP conserving variables, u charge (q), u sign
of the pseudorapidity (y), sign of the toroid polarity (B).

. > Seven possible asymmetries

Five Detector
Asymmetries to be measured

> A Charge asymmetry, IE A

~
S

> A, Toroid asymmetry, determined from data (fixed)

> A : North/South Detector asymmetry (A,

> A, Beam related, forward-backward asymmetry (A.)
> A Possible efficiency changes related to toroid
> A, Possible forward-backward asymmetry related to toroid

> At Asymmetry due to muons in toroid bending towards/away

from beam axis (range out asymmetry A ) - large

May 29 2009 Steve Beale 21
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(L ..FI'-.
iy

netry Results

u-|— K*OK—

Combined

0+0. 20.3+24.9 —1.749.1

—21.4+36.3 50.14+19.5 40.5+16.5

aby % 10° ~2.2410.6 —0.1+13.5 —3.1+8.3
A % 103 —1.841.5 —2.0+1.5 ~1.941.1
Ao x 103 3.94+1.5 3.1+1.5 3.14+1.1
Ao x 10 —36.7+1.5 —30.24+1.5 ~33.3+1.1
Ag x 10° 1.1+1.5 0.241.5 0.64+1.1
Ags x 10° 41.3+1.5 2.0+1.5 3.14+1.1

0.0012
091(stat)f0.0023(s st)

Steve Beale
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itic Uncertainties

the Opposite Side Tagger
gger, shift in A_s = -0.0022
n A9 (from SM), A_s, A_® and A_b9 correlated
0, shift in A s= +0.0012
> Fraction of Signal/Background from mass fit
» Parameters from lifetime fit
el
“hin fractions

G 0017 + O.OOQl(stat)J_rg:ggég (syst)

Steve Beale 23
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Conclusions

The B.° semileptonic asymmetry has been
measured with a 5fb! data sample to be:

X Submitted to PRL
~ —0.0017 £ 0.0091 (stat) o 0oea (syst)

arXiv: 0904.3907

| —0.0023

DO Semileptonic

—0.0017+ 0.0091 70012

CDF u ||y . H| 0-113£0.283 £0.149 _ _
(Run ) This analysis
CDF pp 0.025 +0.021 +0.017
(1.6 b)) prel. supersedes the
’ ?3}‘*3 ~0.0061+0.0058 + 0.0077 previous semi |ept0n Te

CP asymmetry at DO,

H
avor-1a e H —0.0023 L
e and improves
Average H —0.0027+ 0.0066 statistical Uncertainty
0201 0 0102 03 04 by ~2x
Heavy Flavour
Averaging Group Aa®)  HFAG May 27 2009
- Compare, Apr 09:A3; = —0.0037 4 0.0094

' -;-ﬁMay 29 2009 Steve Beale YORK

:;_;" FPCP 2009 — Lake PlaC|d NY UNIVERSITE

UNIVERSITY
L
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nclusions
,° constraint on AT’ & ¢,
(only DO results)

D@ 221" + AL constraint

. — 0.6
EEIE R T
rr",f E 0.4 -_ SM Q5% CL
# -
B I._T 0 - Q9. 7% CL
a4 ”\\

ti--_----- 0.0 -
1.1_‘:'1 _ﬂEi—/:
X -0.4f Combination
L - ;
..|...!'.J' -0 PP EMPEPENE PP BT PP B
2.0 3.0 -'E.EI =20  -1.0 0.0 1.0 2.0 3.0
“” ¥¢ rad] ¢7/%¢ [rad]

Steve Beale
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ik
.

nclusions

D@ 28f5" +AZ, 1., Brconstraints

0.6
68% CL
0.4 95% CL

99.7% CL E
SM -
0.0 -
0.2

-0.4

055

v

1 "I T I N T A
-1.0 0.0 1.0 2.0 3.
$3/v? [rad

O[TTTI[TTT]
!"It:l-

o

o

p-value at SM point is 10%

Steve Beale
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ime _f_,ihteg rated

TABLE I. The numbers of events n? Y(D,) [nf Y(D)] in the D,
[D] mass peak and in the background n?”(bkg) for eight sub-

samples.

Subsample: nb? (D) nb? (D) nb? (bkg)
Byq (events) (events) (events)
+ + + 3216 = 76 907 = 55 9797 = 124
+ -+ 3586 = 79 965 * 56 10387 = 127
+ + — 3391 = 78 1037 = 57 10390 = 127
+ — = 3225 =76 963 = 55 0832 + 124
-+ + 3616 = 80 1003 = 57 10508 = 128
- —+ 3370 = 77 801 = 54 0987 + 125
-+ = 3353 =77 831 = 55 10215 = 125
- — = 3532 =79 1116 = 59 10701 = 129

TABLE IIL.
Uncertainties are statistical.

The physics and detector asymmetries for (uD,), (wD), and background events.

0.0030 = 0.0081

0.0014 = 0.0212

(uDy) (uD) Background
27289 =220 7623 = 162 81817 = 357
0.492 + (0.004 0.510 = 0.011 0.494 = 0.002

0.0102 = 0.0081 —0.0345 = 0.0211 —0.0056 = 0.0045
—0.0046 = 0.0081 0.0480 = 0.0210 —0.0020 = 0.0043
—0.0051 = 0.0081 —0.0072 £ 0.0212 0.0001 = 0.0044
—0.0352 = 0.0081 —0.0819 = 0.0209 —0.0263 = 0.0044
—0.0097 = 0.0081 0.0104 = 0.0213 —0.0010 = 0.0044

0.0046 = 0.0044

FPCP 2009 - Lake Placid NY
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lass Ru_nlla

[ uom candidates | wa73] | D0 Run lla Preliminary |
2831+ 6.2
pi 1,966 - 0.00D _
C p2 0.0326 + 0.0058 -
TO0OF b 1ste- oo | 8000
' D S (.
C 5 +05 + -
6000E p7 -1.996 + 0.027 7000
: .
- ! + —_ C
S000F / \ _EH 0.0183 : 0.0013 | 4, 6000
- = =
40001 '\ = 5000
U ] \ £ -
- i : -_
S000F 7 \ s
1000 2000
= AN PP A P PP P PP P P =
0 175 18 185 1.9 1.95 2 206 21 215 22 1000 -
B v37 1.8 1.9 2 2.4 2.2 2.3
ke - K*K mass [GeVic?]
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Lifetime Runlla phipi

Signal regicn { Bun la)

Signal regicn (Run 1)

Diorta peointa
Frt Reawls (toml)
Fit Rzauls {sigmal peak)

Lrata goants
s Fit Rl {botal

Fit Reaults {nignal paak)
Fit Reawlts {aignal)

Fit Reawhs { ochand

Fit Raawhs | combanatorial

4]

Fit Reaska (signal)
Fit Reasks (ccbar)
Fit Rea ks (combinatorial Backgroend)

"May 29 2009 Steve Beale
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Lifetime

Runlla KstK

— - — Sgnal e . — Signal
| B Lifetime (Full Mass Interval): Runlla | S | B Lifetime (Full Mass Interval): Runlla | S
- O (Kxx) e, O (Kxx)
= 4000— —_, E F —

. C Backs d ; Backs d
g F ke s 10 ke
2000 — e i w = i —_ Fi
E X & DE E C L DBI:&

-~ - - -
& 0000~ B I
[ e
S - )
ED‘EH]_— - i
600D —
- 10 j
ao00f— E
2000 10
[
%3 . 0.4
VPDL {cm) VPDL {cm)
2 = 3.4/df 2 = 3.4/df
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Lifetime Runllb (linear)

. . T . — Signal
signal region (Run Ilb) | B, Lifetime (Full Mass Interval): Runllb | [:-';rmﬂ
. Tita soimis 0¥ (K=xx)
S000 = Fit Reaults (bota) A
Fit Reawlis {aignal peak) Background
s it Rzawlts {aigmal) —LDAE
7000 — Fi:R-H.IIuIEcchlf! ] — Fit
B000 s Fit Bzawhts { combinatorial background) & E'Bt-!l

I diiliil Gl o L ' !
0.3 ﬂ'.‘-i
VPDL {cm)

rl=A7/df
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f. Various other
inputs and studies...

salection variable in signal rgion, Runllb |

|__resolution signal |

Scale factors from 7/29/2008 | Entries 1055512 2300
Maan 01927 220
" RMS 1.261 2000 |
Runllb J/¥ 42/ nat S e 00 _ K
- [0 1.5488:05 + 304 | 180

p2 0.8452 + 0.0038 1600

3 0196 + 0.008 100

3 1 180
1,657 + 0.023 3 140
12005 L g 120
1000 t 11+++ 100
wed |l "
= *Hﬂ‘
-ﬂ-l'.lﬂ=— T++|-' &0
- -
Znns_ | [ | +{H:II" [ | 0
17— T 2
¥
5
| Efficiency va. VPOL (cm) far B — O] u*X I
S
] 1=
5 F 1
as- :
asf 1
N ETRETE) :
L A0 £ L0
: QDT £ L0000
L IR+ QI
[ - 1203 + 2656
1528+ 1247
=33+ 1300
5 2 LiE o L35 0.3 - "
B VPOL fom) fl2 0.4 06 0.8 1 1.2 1.4
i K Factor
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|'_" :

n K- due to
1aterial that do

Only an issue in K'K
DORunll, 28" | decay mode:

++ } Kaons asymmetric

Df — K*K+ — (n{K~)KH
Dt — ¢t Vj[fﬁf(—}ﬂ

S
o

=
=
[l

Kaon asymmetry
" = L]
=
[55]
|—i—|
|—§—|

S

.. M | I T T
’ EP:TGEE.:] "o Kaons symmetric

Steve Beale 34
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4 Detector Asymmetry

DO flips muon toroid polarity regularly.
Approx 50% of the data is p=+1, p=-1.

Acceptance of central muon system

u- acceptance u* acceptance
a7, LN > @
magnet ®@ J‘;F’ 1--""'/""/'// f?
forward forward W{
- }Phikwmd I backward *‘&{;i #ﬁ
st (P / -
* ©B magnet ’ \_®B/ P p
polarity
E [P p[ ] [ ]p ©B
®B ®B
_ \ Gives an asymmetry of ~3%

‘range out asymmetry' A
Low efficiency where forward

and central toroid meet

May 29 2009 Steve Beale 35
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